The effects of dietary levels of tryptophan (TRP) and protein on voluntary feed intake, growth performance, muscle pH, and brain indoleamine and catecholamine concentrations were studied in an experiment involving 48 crossbred Piétrain × Large White pigs (38 kg initial weight). Equal numbers of females, intact males, and barrows were used and they were given ad libitum access to feed during the 28-d experiment. Four dietary treatments were compared in a 2 × 2 factorial arrangement, with the following levels of analyzed TRP and CP: 1 ) .12 and .16% TRP, suboptimum and optimum for growth, respectively, 2 ) 12.7% CP of a diet based on cornsoybean meal and adequately balanced for limiting essential amino acids other than TRP; and 16.7% CP diet with additional protein from corn gluten meal. Dietary CP interacted with TRP on feed intake and growth, with a greater depressive effect at .12% TRP than at .16% TRP in the three genders. Norepinephrine concentration, which was the highest in the preoptic area, was higher in females than in intact or castrated males. Serotonin concentration was increased by TRP supplementation in the different brain regions. Additional CP depressed serotonin concentration more at .12% TRP than at .16% TRP. The greater sensitivity of feed intake and growth of pigs, especially females, to TRP deficiency in the presence of additional CP may have been related to a more critical serotonergic activity, when hypothalamic serotonin concentration fell below a threshold level. Supplemental TRP increased muscle pH, both at 45 min and 24 h after death, in ham (adductor femoris and semimembranosus) and loin (longissimus), suggesting a sedative effect of TRP for reducing stress response.
Introduction
There is evidence that tryptophan ( TRP) deficiency in diets for pigs exerts a specific depressive effect on voluntary feed intake, and consequently on growth performance (Boomgaardt and Baker, 1973; Burgoon et al., 1992; Henry et al., 1992; Han et al., 1993) . In addition, the depressive effect of TRP deficiency is aggravated in the presence of excess protein in the form of large neutral amino acids ( LNAA) , including branched-chain (leucine, isoleucine, valine) and aromatic (phenylalanine, tyrosine) amino acids (Uttecht et al., 1991; Henry et al., 1992) . As in rats (Leathwood, 1987) , brain serotonin concentration is increased dose-dependently by dietary supplementation of its precursor (TRP) in pigs (MeunierSalaü n et al., 1991; Adeola and Ball, 1992) and in turkeys (Denbow et al., 1993) . Furthermore, LNAA in pigs have been shown to compete with TRP for its passage through the blood-brain barrier, prior to serotonin synthesis in the brain (Henry et al., 1992) ; the resulting decrease in hypothalamic serotonin concentration below a threshold level was associated with lower feed consumption and decreased growth performance. This was especially the case for females, which were more sensitive than barrows to TRP/ LNAA imbalance and had a lower concentration of serotonin in the hypothalamus. In order to explain the differential response of females and castrated males, we questioned the possible contribution of altered serotonin distribution in different brain regions ac-cording to sex and(or) castration. Moreover, some alterations in postmortem muscle characteristics following TRP deficiency, with increased pH at 45 min and 24 h after slaughter, needed more experimental support.
Therefore, the objective of the present study was to evaluate, in growing pigs, the effects of dietary TRP and additional protein on feed intake, growth performance, meat quality, and indoleamine and catecholamine concentrations in various brain areas, in relation to gender (females and intact and castrated males).
Materials and Methods
Animals and Diets. Forty-eight crossbred Piétrain × Large White pigs, averaging 38.0 ± 2.3 kg BW initially, were used. Four replicates of a 3 × 4 split-plot design, each involving 12 pigs, were started at 1-wk intervals. In each replicate three whole plots, one for each gender, were formed with four pigs of the same gender (females, intact males, or barrows) and similar weight and age. These four pigs represented the sub-plots that were randomly assigned to the four dietary treatments.
These treatments corresponded to a 2 × 2 factorial arrangement with two levels of TRP and two levels of CP. The TRP levels, .12% (Treatments 1 and 2 ) and .16% (Treatments 3 and 4), were fixed to afford suboptimum and optimum growth, respectively, on the basis of a previous study (Henry et al., 1992) , with slightly higher TRP levels to take into account a lower BW at the start (38.0 kg vs 44 and 50 kg). The low TRP level was provided by a basal diet made of corn and soybean meal ( Table 1) . The upper TRP level was obtained by adding .04% of synthetic L-tryptophan. Glycine was added to the diets with no TRP addition to make the diets isonitrogenous. Two CP levels were used, 12.7% CP in the first basal corn-soybean meal diet (Treatments 1 and 3), and 16.7% CP in the second, with partial substitution of corn gluten meal for corn and soybean meal, maintaining TRP from dietary ingredients at .12% (Treatments 2 and 4; Table 2 ). L-Lysine·HCl, L-threonine, and DL-methionine were added (Table 1 ) to ensure .80% lysine, and threonine and methionine ratios to lysine of . 65 and .30, respectively (INRA, 1989) . Tryptophan to lysine ratio at .12% TRP level was .15, well below that of .18 recommended for optimum growth (Henry, 1993) .
The pigs were housed individually in a closed, insulated building during the spring of 1991. The pens (.90 × 2.70 m ) were provided with straw bedding. During the pre-experimental period, the pigs were given a standard grower diet (17% CP, .85% lysine, 13.2 MJ DE/kg) according to a feeding scale corresponding to 125 g/kg BW .75 . During the experiment, the diets were offered for ad libitum intake in pelleted form (4.5 mm in diameter), and water was accessible from an automatic nipple. Live weight was recorded at weekly intervals. Feed intake was measured each day and recorded on a weekly basis. Care and use of animals were performed according to the Certificate of Authorities to Experiment on Living Animals granted by the French Ministry of Agriculture to Y. Henry and B. Sève. Slaughter and Tissue Sampling. The four replicates were slaughtered at 1-wk intervals after exactly 28 d of the experiment. Mean BW at slaughter was 53.4 ± 6.5 kg. Slaughter started 4 h after feed withdrawal during the morning. Slaughter order was first connected to feed withdrawal order, which was randomized among whole plots (gender). Then, at a given feed withdrawal time, slaughter order was randomized within each whole plot among sub-plots (pigs on each dietary treatment). The time delay between whole plots for feed withdrawal and slaughter was scheduled on the basis of 10 min per pig on average for brain dissection.
The pigs were slaughtered, after electrical stunning, by exsanguination. They were immediately decapitated, and brain dissection was performed according to the procedure described by Henry et al. (1992) , and adapted from Iversen and Glowinski (1966) . After craniotomy, the brains were quickly removed and placed on an ice-chilled aluminum plate ( 3°C). Brain structures were dissected within 8.5 ± 1.3 min after exsanguination, with tissue samples isolated from six regions: posterior and basal portions of the hypothalamus ( HP and HB, respectively), preoptic area ( PO) , striatum ( ST) , brain stem ( BS) , and hippocampus ( HC) . The wet weights of tissue regions (mg; mean ± SD) were the following: HP, 182.5 ± 22.6; HB, 197.4 ± 28.8; PO, 182.2 ± 17.9; ST, 1,201.8 ± 132.1; BS, 2,830.2 ± 213.1; HC, 1,990.4 ± 179.6). The samples were placed in a plastic bag and kept at −80°C until analysis. The weights of head and brain were recorded.
Muscle pH measurements were made 45 min after death ( pH1) in adductor femoris ( AF) , semimembranosus ( SM) , and longissimus ( L) after homogenizing 2 g of sample in 18 mL of 5 mM sodium iodoacetate, according to the method of Monin and Sellier (1985) . The ultimate pH ( pH2) was measured 24 h postmortem directly on the freshly cut crosssectional surface of AF, SM, and L muscles by using a pH meter probe.
Neuroamine Analyses. Analyses were made on the first three replicates (three determinations per treatment for each gender), corresponding to a total of 36 pigs. Tissue indoleamines and catecholamines were extracted and fractionated after injection into an HPLC reverse-phase column with electrochemical detection, as described previously (Saligaut et al., 1986; Henry et al., 1992) . The analyzed indoleamines were 5-hydroxytryptamine ( 5-HT) and its metabolite, 5-hydroxy indoleacetic acid ( 5-HIAA) . The analyzed catecholamines were norepinephrine ( NE) , epinephrine ( EP) , dopamine ( DA) , and their metabo- Feed Analyses. Proximate analyses of feeds were conducted on aliquot samples collected during the trial according to AOAC (1990) procedures. Complete AA analysis by ion exchange chromatography was performed on the four diets . Sulphur amino acids were determined after performic acid oxidation, and TRP content was measured after alkaline hydrolysis with barium hydroxide . The estimated energy value of the diets was 13.4 MJ of DE/kg, according to INRA (1989) tables.
Statistical Analysis. The data were analyzed according to analysis of variance procedures outlined by Snedecor and Cochran (1980) for a split-plot design, and by using the GLM procedures of SAS (1990) . Sex was the only tested effect between whole plots, using combined replicate and replicate × sex interaction effects as the whole plot error. Tryptophan and CP main effects and TRP × CP, sex × TRP, and sex × CP interaction effects were tested between sub-plots, using the residual variation including all other interaction effects as the sub-plot error. Differences among comparisons were judged significant when associated P-values were < .10.
Results
Growth Performance and Muscle pH. Supplemental TRP increased ( P < .01) ADFI, ADG, and feed efficiency ( Table 3) . Addition of CP to the .12% TRP diet severely depressed ( P < .05) ADFI, ADG, and feed efficiency. There was no interaction between sex and either TRP or CP content on ADFI, ADG, or feed efficiency. The depressive effect of additional CP on feed efficiency, and to some extent ADG, at .12% TRP tended to be greater in females and intact males than in barrows, whereas ADFI tended to be more depressed in females and barrows than in males. Supplemental TRP increased pH1 in SM ( P < .05) and L ( P < .01) muscles and pH2 in L muscle ( P < .05). Additional CP decreased ( P < .10) pH1 in AF muscle and pH2 in SM muscle ( P < .10). No sex effect ( P > .10) on pH measurements was noted. The head weight (percentage of BW) increased ( P < .05) with an increase in CP at .12% TRP but was not different at .16% TRP; it was greater in females ( P < .10) and intact males ( P < .05) than in barrows. The brain weight (percentage of head weight) was greater ( P < .05) in barrows than in intact males.
Effect of Sex, Dietary Tryptophan, and Protein on the Regional Distribution of Brain Indoleamines and
Catecholamines. The concentrations of indoleamines and catecholamines in the brain as affected by sex and dietary treatments (Tables 4 to 9 ) showed important changes between regions, depending on the neurotransmitter or its metabolites. The main sex effects were characterized, in the PO (Table 6) , by higher concentrations of NE ( P < .05) and DOPAC ( P < .10) in females than in intact males and barrows. In this region, 5-HIAA concentration was also greater in females than in barrows ( P < .05); similarly, 5-HIAA:5-HT ratios in females exceeded those in males ( P < .10) and barrows ( P < .01). In the ST (Table 7) , females and intact males had higher concentrations of DOPAC than barrows ( P = .10 and P < .05, respectively). In the BS (Table 8) , DOPAC:DA ratio was the highest in females compared to males and castrated males ( P < .05) and higher in males than in barrows ( P < .01). Females had a greater HVA:DA ratio than either intact males or barrows, but there was no difference due to castration. In the HC (Table 9) , EP concentration was increased by castration in males ( P < .05).
Indoleamine and NE concentrations, unlike DA and its metabolites (DOPAC, HVA), were affected differently by dietary treatments according to brain areas. Supplemental TRP increased 5-HT, 5-HIAA, and total 5-hydroxyindole concentrations in each brain area (Tables 4 to 9 ). The ratio 5-HIAA:5-HT was also greater in pigs fed the TRP-supplemented diets, except in the HC. Additional CP depressed 5-HIAA in the HP ( P < .05) and PO ( P < .10) and 5-HT in the HB ( P < .10), BS ( P < .10), and HC ( P < .05). Similarly, the ratio of 5-HIAA:5-HT in the HP decreased with additional dietary CP ( P < .01).
There was a TRP × CP interaction ( P < .10) for 5-HIAA in the PO, with a greater depressive effect of additional CP at .16% than at .12% TRP (Table 6) . Although the TRP × CP interaction was not significant ( P > .10) in the other brain regions, there was also a general tendency for the decrease in total 5-hydroxyindoles (5-HT + 5-HIAA) following CP addition to be greater at .16% than at .12% TRP in the HP, HB, PO, and HC.
A sex × TRP interaction ( P < .10) was found for 5-HIAA in the HP, with a greater increase following TRP supplementation in barrows than in females, whereas in intact males there was no difference (Table 4) . A similar interaction occurred in the PO for 5-HT ( P < .01), 5-HIAA ( P < .05), and total 5-hydroxyindoles ( P < .01) (Table 6) , and in the ST for 5-HT ( P < .05) and total 5-hydroxyindoles ( P < .05) ( Table 7 ). In the PO and ST, 5-hydroxyindole concentrations in females increased to a lesser extent with supplemental TRP than in barrows, but in intact males the increase in 5-hydroxyindole concentration with supplemental TRP varied with brain region, greater in the PO (Table 6 ) and lower in the ST (Table 7 ). The 5-HIAA:5-HT ratio in the HC increased with supplemental TRP in males, but not in females and barrows (sex × TRP interaction at P < .01) ( Table 9) .
With regard to catecholamines, TRP interacted with CP on NE concentration in the HP ( P < .10) and HB ( P < .05): NE concentration increased with additional CP at .12% TRP but decreased at .16% (Tables 4 to  6 ). A similar interaction ( P < .05) affected EP concentration in the HB (Table 5) , with increased concentration following CP addition at .12% TRP and the reverse at .16% TRP. Epinephrine concentration in the HC increased with additional CP regardless of supplemental TRP (Table 9) . .601
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. The concentration of DA in the BS (Table 8 ) increased with the addition of TRP or CP in the diet ( P < .05). In the HB (Table 5) , supplemental TRP increased DOPAC and HVA concentrations ( P < .10) and the DOPAC:NE ratio ( P < .10). The HVA:NE ratio increased with CP level at .16% TRP and decreased at .12%. In the ST (Table 7) , 3MT concentration decreased with supplemental TRP ( P < .10). In the BS, DOPAC concentration increased with TRP and CP levels ( P < .05) ( Table 8 ). This was also the case for HVA in response to CP addition ( P < .10), but only at .16% TRP. On the other hand, HVA concentration in the PO increased with supplemental TRP in barrows, but not in intact males and females (Table 6 ); in the BS, it increased ( P = .10) with supplemental TRP in males and barrows and decreased in females (Table 8 ).
In the BS region the HVA:DA ratio was lowered by supplemental TRP ( P < .10). The DOPAC:NE ratio increased with additional CP ( P < .10), whereas the HVA:NE ratio increased with CP level only at .16% TRP in both BS and HC ( Table 9 ). The effect of TRP on the HVA:NE ratio in the HC interacted with sex ( P < .10), displaying a steep decrease in males and a small change in females and barrows in response to supplemental TRP (Table 9) .
Discussion

Tryptophan-Protein Interaction on Feed Intake and
Growth. In agreement with our previous findings (Henry et al., 1992) , the present results provide further evidence of interactive effects of dietary levels of TRP and protein on voluntary feed intake and growth performance in pigs. The greater depressive effect of excess protein on feed intake and growth in pigs fed the TRP-deficient than in pigs fed the TRPadequate diet could be related to any amino acid supplied in excess of the requirement. However, in our previous work (Henry et al., 1992) , there was no variation in feed intake and growth when glutamic acid and glycine were added to diets differing in TRP content, providing evidence that nonessential amino acids were not involved in the effect of CP. Among essential amino acids (see Table 2 ), those that were potentially second-limiting (lysine, threonine, and methionine) were adjusted to the same level regardless of diets. Arginine content increased only by 3% with CP. In contrast, LNAA, particularly leucine and tyrosine supply, which increased with CP by 50 and 33%, respectively, were the most evidently in excess. Histidine supply also increased by 14% with CP, but it should be considered as a member of the LNAA group because it shares the same transport system (Tackman et al., 1990) . A similar depression of feed intake was shown by Uttecht et al. (1991) when they added synthetic LNAA to a TRP-deficient diet. Therefore, these data most probably reflect the antagonism between TRP and the LNAA from the protein supplement. The change in the interactive effects of TRP and protein on feed intake and growth according to sex, comparing females and barrows (Henry et al., 1992) , did not reach significance in the present study. This may be due first to the relatively short duration (28 d ) that was chosen for neuroamine investigations, in combination with lower initial weight (38 vs 44 kg). Nevertheless, with additional protein at the low TRP level (.12%), there was some indication that growth rate and feed efficiency were depressed to lower values in females and intact males than in barrows. This might be related to the higher amino acid requirements of females and males than of barrows (Henry et al., 1988) , thus inducing a more critical amino acid supply with decreased voluntary feed intake.
Interactive Effects of Dietary Tryptophan and Protein on Indoleamine and Catecholamine Concentrations in
Brain Regions. In agreement with our previous observations , dietary TRP supplementation increased 5-hydroxyindole concentration in the different brain areas. Adeola and Ball (1992) and Uttecht et al. (1992) also reported increased concentrations of hypothalamic serotonin with supplemental TRP in weaned pigs and growing pigs, respectively. Moreover, the additional protein exerted a depressive effect on brain 5-hydroxyindole concentration, which compared with the effect of additional LNAA as reported by Uttecht et al. (1992) . However, in the present experiment as in the previous one (Henry et al., 1992) , a greater decrease in 5-hydroxyindole concentration was observed at .16% than at .12% dietary TRP. The existence of a threshold level of a substrate concentration, when the level of precursor becomes critical, may result from the compensation of a decrease in synthesis through a decrease in degradation. As far as hypothalamic 5-HT is concerned, assuming no parallel variation in 5-HIAA clearance rate, such a regulation could be reflected in a decrease in the 5-HIAA:5-HT ratio, as previously proposed Adeola et al., 1993) . Although the expected decrease in that ratio was observed only in the posterior hypothalamus, the threshold hypothesis could apply to the present results. Because, in contrast to brain hydroxyindoles, feed intake was more depressed with additional protein in pigs fed the low TRP than in those fed the high TRP diet, this hypothesis implies that the appetite for protein was depending more on the rate of serotonin degradation (i.e., on serotonergic activity) than on hypothalamic serotonin concentration. Similarly, a depressed serotonergic activity might be associated with the lower depressive effect of a decrease in dietary TRP supply on brain hydroxyindole concentration in gilts than in barrows, explaining the higher sensitivity of female pigs to TRP deficiency in terms of appetite for protein and growth performance.
Finally, together with literature evidence, the present growth performance and brain indoleamine data would support further our previous recommendation to adjust TRP at least to 4% of LNAA supply in diets for growing-finishing pigs (Henry and Sève, 1993) .
Sex Differences in Indoleamine and Catecholamine
Concentrations in Brain Areas. The influence of gender on concentrations of neuroaminergic compounds in the pig brain is poorly documented. Analyzing the distribution of NE and DA in various parts of the CNS, Agarwal et al. (1993) reported higher NE concentrations in the HC and parts of the BS in sows than in gilts, in relation to a stimulatory influence of estrogens on catecholaminergic neurons through tyrosine hydroxylase activity. These observations are consistent with the present results showing higher ratios of DOPAC and HVA to hypothalamic NE in female than in male (intact and castrated) growing pigs. In the present work, sex differences in NE concentration were the most apparent in the PO, with a higher content for females than for males, either intact or castrated. Comparing adult animals, Agarwal et al. (1993) reported higher NE concentrations in boars than in sows, both in the hypothalamus and parts of the BS (pons, locus ceruleus area). Agarwal et al. (1993) did not find any difference in DA content across CNS areas between boars and sows. This is in agreement with our results comparing the three genders in growing animals. The same authors reported lower DA concentration in the mammillary area (part of HP) in boars than in barrows. But, DA concentration in the spinal cord was higher in boars than in barrows, and in the ST it was higher in the sow than in the gilt. This shows that age and(or) sexual function may affect the distribution pattern of the catecholaminergic compounds in the pig brain. The observed changes in the ratios DOPAC:DA and HVA:DA in the BS, in the present study, are indicative of greater turnover of dopamine in females than in intact and castrated males.
In contrast to previous results (Henry et al., 1992) , the HP did not contain significantly higher amounts of 5-hydroxyindoles in barrows than in females. However, the present data support the hypothesis of a positive effect of male castration on the 5-hydroxyindole content in the HP. They would confirm the observations of Engel et al. (1979) , and Fischette et al. (1984) , showing the inhibitory effect of androgens in male rats on serotonergic function.
Dietary Level of Tryptophan and Meat Quality.
There is little evidence of a possibility to manipulate muscle pH characteristics and meat quality through dietary amino acid balance in pigs. In our first study (Henry et al., 1992) , muscle pH at 45 min (pH1) or 24 h (pH2) postmortem was increased following TRP deficiency (.09 vs .13%) in ham muscles, especially in females compared to castrated males. The results of a subsequent experiment (Henry and Sève, 1993) were not in contradiction with these data because ultimate pH first decreased according to dietary TRP and then increased at higher levels, with a significant quadratic effect suggesting that a higher TRP supply was required to optimize both growth performance and meat quality. The present results are consistent with this conclusion; supplemental TRP increased pH1 (45 min after death) in ham muscles, and to some extent pH2 (24 h after death) in longissimus muscle, while using a higher basal dietary TRP level (.12 instead of .09%) than in our earlier studies. This would confirm the observation of Adeola and Ball (1992) showing a lower concentration of hypothalamic serotonin in stressed pigs than in quiet pigs and an increase in these concentrations with supplemental TRP, thus reducing the severity of pale, soft, exudative (PSE) pork. On the other hand, the use of crossbred Piétrain × Large White pigs in the present experiment, instead of pure Large White in the first experiments (Henry et al., 1992) , resulted in pH values that were lower by about .1 for pH1 and .1 to .2 for pH2, reflecting more PSE defect associated with stress (Adeola and Ball, 1992) . Furthermore, the same authors (Adeola et al., 1993) stated that the concentrations of 5-HT, DA, NE, and EP in the hypothalamus and caudate nucleus in pigs heterozygous for the halothane gene were lower than in halothane-negative pigs. Similarly, in the present study, the concentrations of 5-hydroxyindoles and DA in the HP of the crossbred Piétrain × Large White pigs (supposed to be heterozygous for the halothane gene) were lower than in the Large White pigs (halothane-resistant) used previously. These observations would support the alternative hypothesis that the response of muscle pH to TRP can be reversed in pigs more susceptible to stress. Further investigations are needed to clarify breed differences in response to dietary TRP.
Implications
Dietary excess of protein relative to tryptophan may be responsible for depressing voluntary feed intake and growth performance in growing-finishing pigs. This depressive effect is associated with decreased concentration of serotonin and(or) serotonergic activity in various brain areas. There is some indication of increased postmortem muscle pH and improved meat quality in response to tryptophan supplementation. 
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